It is well documented that coordination of feeding behavior in anuran amphibians requires precise coordination of the jaw levators and depressors with the timing of the protraction of the tongue. (for review, see Nishikawa, 2000) . However, the neuronal mechanism initiating and synchronizing this coordination is not well understood. In addition to the intermandibularis muscle and tongue musculature in the lower jaw, there is a small, transverse muscle at the tip of the jaw, the m. submentalis. Previous anatomical work has demonstrated the presence of muscle spindles in the submentalis, leading to the hypothesis that the activation of this muscle may provide proprioceptive information to aid in coordinating the feeding biomechanics in Rhinella marina. Here, we demonstrate that the submentalis likely acts as a 'trigger' to initiate the hypoglossal nerve to activate the tongue, and without feedback information from the muscle spindles of the submentalis, tongue protraction is compromised.
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50 Introduction One goal of our research has been to investigate both the neuronal 51 anatomy and control of coordinated movement, specifically those behaviors involved with 52 feeding in anurans. While the neuronal pathways (Mandal and Anderson, 2009 ) and 53 musculature (Nishikawa, 2000) have been fairly well described, and the biomechanics of 54 tongue protrusion studied extensively (Mallett et al., 2001 , Nishikawa, 2000 , there is still 55 a lack of understanding concerning the initiation of this highly coordinated and rapid 56 motor control. Much work has focused on the pre-tectal and tectal interactions to 57 generate a feeding motor output from the forebrain (e.g., Ewert et al., 1999 Ewert et al., , 2001 ), but 58 once the feeding signal is processed in the motor pattern generator of the brainstem, the 59 initiation of the behavior is not well understood. A description of the jaw levators and 60 depressors and the anatomy of the tongue itself is well documented (see Nishikawa, 61 2000 for review), however, there has been a question as to the role of a small, 62 transverse muscle, the submentalis, that attaches to each mandible at the distal tip of the 63 jaw (Nishikawa, 2000) . Previous research on several species of anurans indicates a 64 diverse and anuran specific function for the role of the submentalis in feeding 65 biomechanics. Analyses post denervation of the submentalis muscle in the 66 archaeobatrachian frog Discoglossus pictus indicated that both the timing and distance 67 of tongue protraction were not significantly impacted, but mandibular bending and prey 68 capture success were both reduced following denervation (Nishikawa and Roth, 1991) .
69
Other findings for the green tree frog, Hyla cinerea, found that the submentalis was 70 necessary for mandibular bending but not for tongue protraction (Deban and Nishikawa, 71 1992) . In Rhinella marina, Nishikawa and Gans (1996) suggested that denervation did 72 not lead to deficits in either tongue protraction, or the timing of tongue and jaw 73 coordination during feeding behaviors, but did influence narial closure (Nishikawa and 74 Gans, 1996) . Our preliminary results suggest that it in fact it also affects the protraction 75 and coordination of the tongue and jaw. However, an interesting outcome is that the 76 toad can, over a very brief period of time, demonstrate short term motor learning to 77 bypass the need of muscle spindle afferent feedback and correct the deficits of tongue 78 projection. Here, we present both data on retrograde afferent connections to the 79 brainstem and a kinematic analysis of feeding post denervation. 
99
After allowing for transport (approx. 6-10 hours) of the dye, the toad was 100 euthanized by immersion in MS222. The brain was removed, and placed in cold 3%
101 paraformaldehyde for 24 hours. The fixed neural tissue was mounted in gelatin and 110 Adult Rhinella marina were obtained through commercial suppliers. Feedings were 111 filmed using meal worms (approx 2.5 cm) as the prey item with a Fastec TS250 high-112 speed video camera (http://www.fastecimaging.com) set at 125 fps. A total of 24 113 feeding attempts were collected before bilateral denervation of the M. submentalis and 114 78 feeding attempts post-surgery. A minimum of three feeding attempts before and after 115 bilateral denervation were required for quantifiable analysis. The data was then 116 analyzed utilizing two software programs, Didge (Cullum, 117 http://biology.creighton.edu/faculty/cullum/Didge/) and Virtualdub 118 (http://www.virtualdub.org/). Virtualdub was used to select the specific sequence of 119 frames that were to be utilized for analysis. Didge software was then employed to 120 digitize each selected frame of the feeding sequence. This process creates a source of 121 variables from which factors such as the timing of movements and angular velocities can 122 be quantified. The variables being quantified were the spatial placement of the upper 123 jaw tip, corner of the jaw, mandibular bend, lower jaw tip of mandible, angle of the 124 tongue, tongue tip, and the prey item (Fig. 1) . These variables were used to calculate the 125 timing of feeding behaviors, such as time of tongue protrusion and retraction, body 126 displacement, and jaw gape angle. Timing began at the frame of initial forward 127 movement exhibited by the anuran. In addition to angular measurements, maximum 128 lunge length was also measured before and after bi-lateral denervation.
129
The denervation of the submentalis was preceded by anesthesia via immersion 130 in 0.01% buffered tricaine methane sulfonate (MS-222) for approximately 10-12 minutes.
131 The anurans were then placed under a dissecting microscope and covered with a damp 132 paper towel. The lateral branch of the trigeminal nerve was then exposed by incision 133 through the skin and the M. intermandibularis of the ventral surface of the mandible. The 134 nerve was then bi-laterally transected just posterior to the innervation of the M.
135 submentalis; this was done in order to avoid transecting the nerve innervation to the M.
136 adductor mandibulae system and the M. intermandibularis. The data acquired from 137 Didge was then analyzed in both mini-tab and PASW (predictive analytic software). 
143
Clearly labeled trigeminal motor neurons were found both ipsilateral and 144 contralateral to the labeled peripheral nerve using 3x10 3 M r fluorescent dextran amine 145 (FDA) and Alexia 488 dyes (n = 22). The afferent projections to the brainstem were 146 found to be dorsal and medial to the solitary tract. Hypoglossal motor neurons were also 147 found in the ventral lateral horns both ipsilaterally and contralaterally when the 148 mandibular branch of the trigeminal nerve was labeled (Fig. 2) . 
159
Throughout the experiment, three sets of variables were accounted for 160 including: timing of movements, velocities, and lengths. There were no statistical 161 differences between treatments for the timing variables before versus after denervation.
162 Significant differences found within treatments for velocity and length illustrated that both 163 the length of the tongue and velocity at which it moved were different between pre and 164 post surgery. These findings amongst all sets of treatments quantify post surgery 165 deficits in the anurans due to the removal of neural input from the submentalis.
166
Behaviorally, the feeding of Rhinella marina is similar to that of Rana pipiens.
167 Initially Rhinella will orient itself towards the prey, rotating up onto its forelimbs before 168 either protracting its tongue while moving forward or lunging forward, placing its jaws 169 over the prey, while rotating the head downward for prey capture (Fig. 3) . Rana feeds 170 similarly in that it will tend to modulate its feeding behavior based on the size of the prey 171 (Anderson and Nishikawa, 1999).
172
During filming pre-surgery we observed that the toads appeared to have little 173 difficulty in achieving a successful feeding action on their first attempt. Once they had 174 eaten one meal worm, a second was placed into the tank and again on their first attempt, 175 they achieved a successful feeding trial. On a very rare occasion, we observed the toad 176 miss the prey item. Usually when a miss occurred, it was due to the failure of the prey 177 item to adhere to the tongue. After three successful feeding trials pre-surgery the toads 178 were placed under the microscope for surgery. After surgery the feeding behavior of the 179 toads changed little. They still oriented themselves towards the prey item as they had 180 pre-surgery, rolled up onto their forelimbs, etc. The observed differences occurred 181 during tongue protraction. In nearly every feeding the tongue initially only came out about 182 a quarter of the length that was observed pre-surgery (Fig. 4) . However, with successive 183 feeding attempts the anuran was able to overcome the deficit, with each attempt 184 resulting in a gradual lengthening of the tongue (Fig. 5) . On average, within five 185 attempts, the toad eventually achieved capture of the prey item. A striking difference 186 between the pre-surgery versus post-surgery failed feeding attempts was the mechanism 210 pairwise comparison test and Bonferroni corrected for specific significance. For the 211 conditions of post-successful versus post-failed feeding attempts, variables were 212 analyzed using a paired sample T-test. Results from the T-test were then Bonferroni 213 corrected for specific significance.
214 Table 1 lists the differences amongst the pre-surgery successful feeding 215 attempts versus the post-surgery successful feeding attempts, illustrating the means of 216 all subsets found within the variables of time, velocity, and length, along with their 217 associated standard error, f-value and p-values. Within this data set it was determined 218 that only two variables showed significant differences within the 95% confidence interval.
219
The variable maximum tongue reach (cm) had a P-value of 0.000378 and the variable 220 maximum tongue velocity (m/s) had a P-value of 0.019.
221 Table 2 illustrates the differences amongst pre-surgery successful feeding 222 attempts versus the post-surgery failed feeding attempts. This between conditions test 223 revealed that the same two variables showed significant differences. The variable 224 maximum tongue reach (cm) had a P-value of 0.000378 and the variable maximum 225 tongue velocity (m/s) had a P-value of 0.019, there were no other variables of statistical 226 significance in this comparison. Because the pre versus post surgery successful feeding 227 comparisons, and the pre-surgery successful versus the post-surgery failed feeding 228 comparisons revealed significant differences in the same two variables, these variables 229 were analyzed more closely.
230 Table 3 illustrates the differences amongst post-surgical successful feeding 
269
There were multiple measurements taken on each individual toad, but as they 270 skewness and kurtosis of the data, it was found that the degree of both skewness and 271 kurtosis were only moderately distorted. However, in order to maintain a high degree of 272 statistical robustness, all data sets in violation of sphericity were put through a 273 Greenhouse Geisser correction. After adjusting the degrees of freedom, the p-values 274 calculated from the now modified f-distributions continued to illustrate a noteworthy 275 degree of significance across all data sets found to be significant. It is important that the 276 data not be in violation of the test of sphericity, and if they are, that the data be 277 corrected. If the data violate sphericity and the data are not put through a Greenhouse 278 Geisser correction, depending on the degree of violation it simply means that the p-value 279 is not an exact degree of significance but rather an approximate degree of significance.
280 A post-hoc paired samples comparison was conducted for the conditions of post-surgery 281 successful feeding attempts versus post-surgery failed feeding attempts. This analysis 282 was essentially a subset of the three level factor within subjects design ANOVA with a 283 two within subjects factor analysis. This analysis was then Bonferroni corrected for 284 significance, and found that the variables maximum tongue velocity (m/s) and maximum 285 gape opening velocity at maximum tongue extension (m/s) were the only values of 286 significance. These findings of the post-surgery only analysis differ from the pre versus 287 post findings in that the variable maximum tongue reach was not significant, and 288 maximum gape opening velocity at maximum tongue extension was. It is likely that 289 maximum tongue reach was not a factor during the post analysis due to both the amount 290 of variation involved and the narrow window from which the measurements were taken.
291
The finding that the variable maximum gape opening velocity at maximum tongue 292 extension was significant for the post only analysis indicates that there was greater 293 variability between the pre versus post analysis than the post only.
294
The deficits post denervation have been illustrated accounting for multiple 295 conditions across many variables, however it is still unclear how the anuran is able to 296 overcome initial deficits and complete a successful feeding attempt post surgery (Fig. 5) .
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